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Abstract 
Investigation into the part accuracy in the Fused Deposition Modeling (FDM), which is one of the most successful Additive 
Manufacturing (AM) technologies and continues to dominate the world as one of the few processes suitable for manufacturing 
both prototypes and end products, has been carried out in this paper. Volumetric change and effect of “curl” type geometric 
inaccuracy on the parts made of Acrylonitrile Butadiene Styrene (ABS) specimens has been studied. A methodology has been 
developed to compensate for the errors of estimation of volumetric change errors by predicting the curl of the part. Design of 
experiments (DOE) is used in arriving at minimum number of experiments to be conducted and ANOVA is used in analyzing and 
arriving at the parametric equations. As per the DOE, the models have been manufactured and the volumetric change has been 
measured taking into account the effect of curl. Finally the parametric equation has been established that can help the designers in 
modeling multi objective optimization. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Gokaraju Rangaraju Institute of Engineering and Technology (GRIET). 
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1. Introduction 
Fused deposition modeling (FDM) is one of the layer manufacturing (LM) technologies. LM refers to 
manufacturing a part by adding material successively in layers. It is prominently used in design verification that 
distinguishes itself by manufacturing parts with complex geometries in a short span of time on comparison with that 
of any traditional machine. Various functional parts are also being manufactured using these LM technologies. The 
challenges that still persists in these LM technologies like surface finish, mechanical properties, producing metal 
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parts and usage of variety of materials are few of those which are yet to be addressed (Kulkarni et al. 1999). FDM 
machine is a computer-numerical-controlled (CNC) machine. The machine replaces the tools with double extruder 
head nozzles. FDM fabricates components by extruding a semi-molten filament through a heated nozzle in a 
prescribed pattern onto a platform. The platform moves down once a layer is being fabricated. The material is 
deposited through miniature nozzles in a semi molten state; it cools, solidifies, and bonds with the adjacent 
previously laid layer. Céline Bellehumeur et al. (2004) highlighted the formation of the bonding in the FDM process 
is driven by the stored thermal energy of the semi-molten material. The quality of the product, the strength, the 
dimensional accuracy or the surface roughness depends on the extent of bonding with each layer as well as between 
layers. The present paper focusses on the volumetric change of the parts produced by FDM. The vital requirement 
for the part produced in any of the AM technologies is processes good dimensional accuracy along with various 
other quality factors. FDM parts are composed of ABS filaments that have bonds in between them. It is quite 
evident that the volumetric change of the part produced depends on the rate of growth of the neck formed among 
adjacent filaments. The bond formation is a result of molecular diffusion, cross linking and growth possibly at their 
interface which is typically a sintering process. The bond formation process is due to the coalescence of two 
cylindrical filaments under the action of surface tension as highlighted by Pokluda et al. (1997). 
Investigation into the effect of various factors of FDM on the part accuracy of the part has been pursued research 
papers. Researchers have attempted to improve the dimensional accuracy by fine tuning the process parameter either 
iteratively or as per proper scheme. Anoop et al. (2009) attempted to improve the dimensional accuracy using the 
grey Taguchi method. They have considered layer thickness, raster angle, raster width and air gap as their varying 
parameters to estimate the dimensional accuracy of the parts build by FDM. Three levels settings for each of the 
above mentioned parameters have been taken into consideration and the maximum relational grade has been 
estimated. While Luis (2002) has analyzed the surface roughness and dimensional accuracy capability of FDM 
processes. Parts have been manufactured and the angle and width have been measured for the built prototypes. 
Uncertainty analysis has been carried on both surface roughness and dimensional accuracy. In FDM, the parts are 
manufactured by the combination of both sintering and diffusion operation. Strands are laid at around 270oC and are 
exposed to 70oC because of which the strands may not have sufficient time to diffuse and bond well with the 
adjacent strands. Due to this phenomenon, there will be a marked difference in the dimensional inaccuracy that may 
evolve during the part manufacture. From on the ongoing literature, and the theory of sintering and diffusion that 
occurs in FDM, the authors of the current paper have felt to understand as how various process parameters may 
affect the dimensional inaccuracy that may creep in once the models have been fabricated by varying different 
process parameters. The authors shall also highlight the effect of curl on the dimensional inaccuracy which was not 
accounted by most of the authors. Also a response surface model shall be evolved explain as how the process 
parameters affects the volumetric change of the FDM processed parts. 
2. Experimental Procedure 
In the present paper, authors have considered to vary the following machine setting parameters: 
a. Model Interior: Defined as the type of fill used for interior of the parts. 
b. Horizontal Direction: Along the xy plane of the machine and 
c. Vertical Direction: Along the xz plane of the machine 
All the above three parameters have been set as per the three levels specified in the Table 1 with all other factors 
as fixed. A three level factorial model with face centered central composite cubic design model has been opted with 
the alpha =1. In this model 8 full factorial, 6 axial or star runs and 6 center runs are being considered. A total of 20 
experiments are to be conducted to obtain a model equation in terms of the process parameters as in Douglas (2003). 
Table 1: FDM Machine level setting used for modeling 
Factor Name -1 0 1 
A Model Interior 14.4 17.5 22.7 
B Horizontal Direction 0 22.5 45 
C Vertical Direction 0 45 90 
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Rectangular parallelepiped of dimensions 132 x 15.2 x 5.6 mm has been chosen. The test specimen has been 
modeled using the Solidworks™ modeling software. The .stl file has been imported to the FDM software and the 
parts have been manufactured us the various level settings for each of the respective experimental run as mentioned 
in Table 2. The models have been fabricated with these level settings using Dimensional Series of uPrint™. 
Volumetric change has been obtained by measuring the dimensions of the fabricated parts using Mitutoyo standard 
laboratory digital vernier calipers having a least count of 0.01 mm. The volumetric change as obtained for various 
level settings has also been listed in Table 2.  
 Table 2: Volumetric change before and after correction at different machine level settings. 





0 -1 0 2.48 2.40508 
-1 0 0 4.08 3.97536 
0 1 0 3.82 2.94823 
-1 -1 1 2.96 2.86488 
-1 1 -1 3.58 3.48219 
0 0 0 3.73 3.55347 
0 0 0 3.79 3.24401 
0 0 0 4.97 4.89189 
-1 -1 -1 6.91 6.70969 
-1 1 1 7.76 7.48731 
0 0 0 4.45 4.26322 
0 0 0 4.28 4.05097 
0 0 0 3.99 3.85496 
0 0 1 6.94 6.47711 
0 0 -1 7.02 6.78864 
1 0 0 4.02 3.77173 
1 -1 1 1.2 1.06649 
1 1 -1 6.12 5.89806 
1 -1 -1 7.41 7.05112 
1 1 1 7.3 6.88128 
 
It has been observed from that the specimens have taken a curl shape due to uneven thermal contraction. This 
effect of curl has been reported in the measurement of the thickness direction. A Metzer-M binocular stereo zoom 
microscope (Model METZ - 218/VISION PLUS 7000 BZM) has been used to obtain the microscopic images. The 
thus obtained images have been measured for this extra dimension using Material Plus software. In order to correct 
the effect of curl resulting in the measurement of thickness by vernier, the curl as obtained from the software has 
been subtracted from the thickness. Now the thickness has been adjusted to the original thickness excluding the 
effect of curl. Figure 1 provides the microscopic picture of one of the specimens and the evaluation of curl as 
observed. Once the corrected thickness has been arrived the volume of the part has been obtained and it is reported 
as shown in Table 2. 
3. Results and Discussion 
Various design models are available namely 2k Factorial method, two-level Fractional Factorial method, three 
level factorial method etc. In the present paper, three level factorial model with face centered central composite 
design has been adopted in estimating the minimum number of experiments to be conducted. Hence each factor has 
three levels of settings through which the experiments have been planned and conducted. 
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Fig. 1 Microscopic image of specimen & evaluation of curl.  
The final equations of the model thus obtained through ANOVA in terms of coded factors using Design Expert® 
software is as mentioned in Equation (1). The objective is to estimate suitable functional relationship between the 
independent variables and the response variables. 
 
Volumetric Shrinkage= 
222 C*2.64B*1.32A*0.12C*B*1.85C*A*0.65B*A*0.41C*0.52-B*0.66A*0.0153.98   (1) 
 
where Model Material (A), Horizontal Direction (B) is in degrees, Vertical Direction (C) is also in degrees. For the 
significance check of the coefficients, ANOVA table is used. The probability of the the F value is greater than the 
value as obtained after calculation. This may be due to the noise as indicated by the p value. Significance of the 
cofficients is obtained for all values of p less than 0.05. The estimated regression coeeficients along with the results 
of ANOVA are given in Table 3. The p value of lack of significance should be greater than 0.05. The lack of 
significance is obtained as 0.7657 which is much greater than 0.05. It represents that the model is significant to 
predict the responses. The model equations have been lack of fit is insignificant. The model R2 values for the models 
have been reported as 0.96. It is quite evident that the errors are normally distributed and the regression model is 
fairly well fitted with that of with the observed values since the residuals are located on a straight line. The empirical 
statistical model highlighted in Equation (1) has been validated and the average relative error between the predicted 
value from the model and the values as obtained during experimentation is obtained as less than 1.5 %. The fit 
summary recommends quadratic model to be more statistically significant for the analysis for the responses and can 
be subsequently used for the multi objective optimization. 
 
Table 3: ANOVA results of Volumetric Change 
Source SS df 
Mean 
F Value Prob > F (p) Square 
Model 60.86 9 6.76 27.17 < 0.0001 
A 0.0022 1 0.0022 0.0089 0.9265 
B 4.36 1 4.36 17.5 0.0019 
C 2.65 1 2.65 10.67 0.0085 
AB 1.33 1 1.33 5.36 0.0431 
AC 3.33 1 3.33 13.38 0.0044 
BC 27.45 1 27.45 110.28 < 0.0001 
A2 0.04 1 0.04 0.16 0.695 
B2 4.78 1 4.78 19.2 0.0014 
C2 19.14 1 19.14 76.91 < 0.0001 
Residual 2.49 10 0.25 
Lack of Fit 0.83 5 0.17 0.5 0.7657 
Pure Error 1.66 5 0.33 
Cor Total 63.35 19       
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The p values which are less than 0.05 are significant is estimating the model accuracy in predicting the exact 
response. From the ANOVA table, it is can be observed than the terms A, B, C and their interaction AB, AC, B2, C2 
and found to be significant over the volumetric change. The contour plots of factors have a minmax situation with 
volumetric change.  
Curling in FDM is due to non-uniform thermal shrinkage that occurs throughout the specimen. The head moves 
along a specified path along the xy plane of the machine, the molten ABS weaves as per the cross-section of the 
part. Once the extrusion head completes filling that particular layer, the table then drops one layer along the z- 
direction. Hence during this process of uneven cooling which is observed during the extrusion in a layer and that of 
in the next layer, a phenomenal temperature change is observed resulting in irregular contraction. This affect the 
dimensional stability of the part produced in FDM process. It is obvious from the fact that this uneven cooling 
depends on the dimensions of the part and the configuration in which the part has been manufactured. 
3.1. Role of Model Interior (Factor A) 
From the ANOVA table, the effect of material interior (A) is not so predominant. Model interior defines the 
amount the ABS material to be deposited. At different level settings of A, the dimension of the part does not get 
affected. It is due to the fact that the specimen volume is good enough to accommodate any variations of the 
filaments within the specimen. However the model interior on interaction with either the horizontal direction or 
vertical direction of the depositing of the material has an appreciable effect on the shrinkage and curling effect of the 
part. This is evident from the surface plots of Fig 2(a) and Fig 2(c). Also from the ANOVA table, it can be noted 
that the p value of AC and AB values are less than 0.05. 
 
 
Figure 2(a): Minmax contour plot at B=0 
3.2. Role of Horizontal Direction (Factor B) 
The effect of the depositing direction along the horizontal direction is predominant which is evident from the 
ANOVA table. In the horizontal direction the FDM extruder head moves along the length axis. As the length of the 
part is more than the width, the shrinkage is found to be varying uniformly. This can be attributed to the fact the 
time required for the semi-molten ABS is varies with the dimension of the part. More time is available for the 
filaments to solidify and hence the part will distort. It is quite evident from the SEM micrograph shown in Fig 3. 
The filaments no more remain as circular after the filaments have been deposited. It solidifies and take oval like 
structure which is the prime cause of shrinkage in the part thus produced. The saddle point for volumetric change is 
approximately at values slightly greater than the mid value for both the factors A vs C and B vs C at B=0 and A =0 
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(in coded form) respectively as shown in Fig. 2(a)-2(b). It is quite clear from Fig. 2(c) the situation of minimum 
value of volumetric change is obtained with the factors A and B held at C=0. 
3.3. Role of Vertical Direction (Factor C) 
More filaments are deposited in vertical direction of one layer over the other unlike in horizontal direction where 
only a few layers are deposited. Due to this, very less time is left for the layers to solidify. Hence the effect of 
shrinkage along the part is not much effective when compared to the specimen when deposited one over the other. 
This is because, the layers when deposited one over the other, part of the thermal energy stored in the previous layer 
with reheat the layers, causing more distortion. The part now gets uneven heat distribution during the solidification 
process. More distortion is found at the bottom most layers when compared to the top layers of the part. Due to this 
the filaments in the lower layers which are round in shape as they are extruded from the nozzle head will no more be 
round rather turn out to be oval like structure causing volumetric shrinkage in dimension.  
In either of the cases of build direction (Factor B and C), the filaments are no more circular in cross-section. The 
oval like cross-section filaments interact with each other resulting in dimensional inaccuracy resulting in the so 
called curl. Because of these reasons the dimensional stability decreases and thus results in part distortion causing 
change in volume of the specimen manufactured.  
 
 
Figure 2(b): Minmax contour plot at A=0 
 
 
Figure 2(c): Contour plot at C=0. 
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Figure 3: SEM micrograph of the cross section of the part manufactured. 
 
4. Conclusion 
The present paper investigates into the part accuracy of the parts produced by the FDM process. Volumetric 
change and effect of “curl” type geometric inaccuracy on the parts have been studied. The inherent inaccuracy 
developed during the manufacturing process has been compensated and the change in volume of the given part has 
been estimated. DOE was used in arriving at minimum number of experiments to be conducted and ANOVA is in 
analyzing and arriving at the parametric equations. The models have been manufactured and the volumetric change 
has been measured taking into account the effect of curl. The vital factors that could affect the dimensional 
inaccuracy and the curl have been discussed. It has been found that the horizontal and vertical directions are more 
predominate in affecting the shrinkage and curl when compared to the model interior. In fact the interaction of 
model interior with the other two factors is found to be predominant. This information is helpful for the designers 
which can be taken into consideration while modeling and manufacturing of parts. Finally the parametric equation 
has been established that can help the designers in modeling multi objective optimization. 
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